Abstract. Flexoelectricity is referred as an instantaneous polarization of dielectrics in response to non-uniform strains or strain gradients. Due to the fact that strain gradients are inversely proportional to the feature size of structures, the flexoelectricity is believed to be significant at the nano-scale. Based on the extended linear piezoelectricity theory, this work attempts to investigate the flexoelectric effect upon the electromechanical coupling of a piezoelectric nanoplate by developing a modified Kirchhoff plate model. Simulation results on the electroelastic fields indicate that the flexoelectric effect is size-dependent, which is more prominent for thinner plates with smaller thickness. It is also observed that the effect of the flexoelectricity upon the electromechanical coupling of the piezoelectric nanoplate is sensitive to the applied electric voltage. This study aims to establish a further understanding of the flexoelectric effect on the electromechanical coupling of piezoelectric nanomaterials, thus provide guidance for the design and applications of piezoelectric nanostructures.
Introduction
The conventional piezoelectricity is a unique feature for noncentrosymmetric crystals, which has been widely explored for applications in transduction technologies. In contrast, flexoelectricity referring to a spontaneous polarization in response to strain gradients, is a universe effect in all dielectrics [1] . Due to the fact that strain gradients typically become manifest for nanostructured materials, the flexoelectricity is believed to be prominent when the characteristic size of the materials scales down to nanometers. Thus the flexoelectricity might play an important role in the size-dependent electromechanical coupling properties of piezoelectric nanomaterials. Owing to the pioneering work in developing theoretical frameworks for dielectrics with the incorporation of the flexoelectricity [2, 3] , the flexoelectric effect on the physical and mechanical properties of piezoelectric nanostructures could be characterized. Majdoub et al. [4] found that the apparent piezoelectric coefficient of both piezoelectric and nonpiezoelectric nanobeams was significantly enhanced by the flexoelectricity. Chen and Soh [5] demonstrated the effect of the flexoelectricity upon the distribution of the electric polarization in nanocomposite thin films and it was reported that the polarization induced by the flexoelectricity is sensitive to the film thickness. In this work, a modified Kirchhoff plate model will be developed based on the extended linear piezoelectricity theory by incorporating the flexoelectric effect to demonstrate how the flexoelectricity influences the electromechanical coupling behaviors of the piezoelectric nanoplates.
Formulation and Solution
In the current work, a clamped piezoelectric plate with length a, width b and thickness h is considered, which is polarized in the z direction. According to the Kirchhoff plate theory, the displacements of the plate can be described as 
Based on the extended linear theory of piezoelectricity with the consideration of strain gradients and polarization gradients, the internal energy density function can be expressed as [3, 4] , , ,
where P k , ε ij and u i are components of polarization, strain and displacement tensors, respectively. a kl , c ijkl and d ijk represent the elements of the reciprocal dielectric susceptibility, elastic constant and piezoelectric constant tensors, respectively. b ijkl , f ijkl and e ijkl stand for the polarization gradient and polarization gradient coupling, the strain gradient and polarization coupling and the strain and polarization gradient coupling, respectively.
In general the constitutive equations can be derived from Eq. (2) as [3, 4] ,
where σij and Ei are the traditional stress and electrical field tensors, while σijk and Eij represent the higher order stress tensor and higher order electrical field tensor, respectively.
For a plate subjected to an electric potential  across its thickness, the electric field in the thickness direction is expressed as [3] , , ,
, .
In the absence of free electric charges, the Gauss's law requires [6] ,,
where κ = κ 0 κ b with κ 0 being the permittivity of the vacuum or the air, and κ b being the background permittivity. By using Eqs. (3)- (5) and the electric boundary conditions, i.e., E ij n j =0,
with a voltage V across its thickness, the polarization, the electric field and the stress can be correspondingly obtained in terms of the transverse displacement w. In order to determine the transverse displacement of the plate, Hamilton's principle is adopted to derive the governing equation and the mechanical boundary conditions of the plate [3, 7] , i.e., density and the kinetic energy [7] with ρ being the mass density, respectively. When subjected to a uniform transverse distributed load q, the work done by both the transverse load and the in-plane forces is In the following analysis, we simplify the formulation due to the facts: the strain gradients along the in-plane directions can be ignored in comparison to the strain gradient along the thickness, in which 259 the nonzero flexocoupling coefficient is taken as f 19 =-e 19 ; the contracted notation of the material constant tensors is adopted; Accordingly, the governing equation of the nanoplate is derived as [7] 
Results and Discussions
In the current study, BaTiO 3 is taken as the example material with the material constants given in [7] . The plate is subjected to a uniform load q=0.1 pN/nm 2 to ensure the small deformation assumption for the static bending. Fig. 1 plots the variation of the normalized transverse displacement against the plate thickness under different applied electric voltage, in which w 0 is the displacement without the flexoelectricity. It reveals that the flexoelectricity softens the plate and such an effect is size-dependent. With the plate thickness getting bigger, the flexoelectric effect decays with all the curves approaching unity as expected. Fig. 1 Normalized maximum deflection versus plate thickness under different voltage (a=b=40h).
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The variation of the polarization with plate thickness at different location of the plate under various applied voltage is plotted in Fig. 2 . As depicted, the flexoelectric effect is more prominent for the plate with smaller thickness. It diminishes with the increase of the plate thickness as the results tend to approach those of the classical Kirchhoff plate model without the consideration of the flexoelectricity. It is also observed that the direction of the applied electric potential influences the flexoelectric effect upon the polarization. For example, for a particular point in the middle of the plate (x = 0.5a, y = 0.5b), the polarization is enhanced by the flexoelectricity with a positive applied voltage. However, the flexoelectricity reduces the polarization at the same point when the applied electric potential becomes negative. It is interesting to point out that such an influence trend is reversed for the other position of the plate, which indicates that the flexoelectricity has an impact on the polarization distribution. The fundamental resonant frequency is plotted in Fig. 3 in order to show how the flexoelectricity influences the free vibration of the piezoelectric nanoplate. 0  is the resonant frequency of the nanoplate without considering the flexoelectricity. As depicted in this figure, the resonant frequency is reduced by the flexoelectric effect which is more pronounced for the plate with smaller thickness, revealing the necessity of considering the flexoelectricity when investigating the free vibration of the piezoelectric nanoplates. It is worth mentioning that the effect of the flexoelectricity is also influenced by the applied voltage as indicated by the discrepancy between the curves, i.e., a positive electric voltage enhances the flexoelectric effect while a negative electric voltage reduces it. The results in this figure implies that the frequency tuning of the piezoelectric nanoplate-based devices through the applied voltage necessitates the consideration of the flexoelectricity. 
Conclusions
In this work, a modified Kirchhoff plate model based on the extended linear piezoelectricity theory accounting for the flexoelectricity is developed to investigate the size-dependent electromechanical coupling of a piezoelectric nanoplate. Simulation results on both the static bending and free vibration of the plate indicate that such effect is more prominent for thinner plates with smaller thickness and sensitive to the applied electric voltage. The current work is claimed to provide increased understanding on the flexoelectricity and its effect upon the electromechanical coupling of piezoelectric materials.
